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The well-known effects of the spin-orbit interaction of light are manifestations of pair mutual
influence of the three types of the angular momentum of light, namely, the spin angular momentum,
the extrinsic orbital angular momentum and the intrinsic orbital angular momentum. Here we
propose the convenient classification of the effects of the spin-orbit interaction of light and we observe
one of the new effects in the frame of this classification, which is determined by the joint influence
of two types of the angular momentum on the third type of the angular momentum, namely, the
influence of the spin angular momentum and the extrinsic orbital angular momentum on the intrinsic
orbital angular momentum. We experimentally studied the propagation of circularly polarized light
through an optical fiber coiled into a helix. We have found that the spin angular momentum and
the helix parameters affect the spatial structure of the radiation transmitted through the optical
fiber. We found out that the structure of the light field rotates when changing the sign of circular
polarization. The angle of rotation depends on the parameters of the helix. The results can be used
to develop the general theory of spinning particles and can find application in metrology methods
and nanooptics devices.
PACS numbers: 42.50.Tx, 42.25.Ja, 03.65.Vf, 42.81.Dp, 41.85.-p,03.50.De
Structured light beams carry three types of angular
momentum [1–4]. The spin angular momentum is as-
sociated with polarization, the extrinsic orbital angular
momentum is determined by the propagation path of the
light beam, and the intrinsic orbital angular momentum
is determined by the structure of the light field of the
beam [3]. The effect of one of the angular momenta on
another angular momentum leads to the spin-orbit inter-
action of light (a photon) [5, 6]. There are six variants of
such effects.
The spin angular momentum affects the extrinsic or-
bital angular momentum, the effect can be observed as
the longitudinal shift of the centroid of a linearly polar-
ized light beam and the transverse shift of the centroid of
a circularly polarized light beam at reflection and refrac-
tion and in focused light beams. These shifts are known
as the Goos-Hanchen shift [7], the Imbert-Fedorov shift
[8–10], the Hall effect for light [11], the optical Magnus
effect [12] and the shift of the beam waist [13–15].
The extrinsic orbital angular momentum affects the
spin angular momentum, the effect manifests itself as the
rotation of the linear polarization of light when changing
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the light propagation path [16–19]. The effect is known as
the Rytov-Vladimirski-Berry-Chao-Wu-Tomita geomet-
ric polarization rotation. It can be observed in a single
mode fiber, coiled into a helix [20], or in a multimode
optical fiber [21].
The intrinsic orbital angular momentum affects the
extrinsic orbital angular momentum, the effect manifests
itself as the shift of the centroid of a vortex light beam
under reflection and refraction [3, 22–24].
The extrinsic orbital angular momentum affects the in-
trinsic orbital angular momentum, the effect manifests
itself as the change of the beam field structure when
changing the propagation path of a beam [3, 25–27]. The
rotation of the speckle pattern of the light transmitted
through the optical fiber, coiled into a helix, was exper-
imentally observed when changing the pitch of the helix
[26, 27].
Interaction of the spin angular momentum with the
intrinsic orbital angular momentum manifests itself as
the transformation of the circular polarized beam of zero
vorticity into the linearly polarized beam of non-zero
vorticity [28–34]. Such transformation can be observed
in anisotropic inhomogeneous medium [29, 34], in fibers
[28], in focused beams [30, 32] and under light scattering
[31, 32].
As for inverse effect, the transformation of the intrinsic
2orbital angular momentum into the spin angular momen-
tum was observed with vector autofocusing Airy beams
[35].
Recently published review [36] provides considerably
more detailed information on the spin-orbit interaction
of light.
The study of the spin-orbit interaction of light is of
great interest because experimental observations in the
optical range are much easier, and the results can be
used to develop the theory of spinning particles and for
the search of new effects [37–40].
The effects of the spin orbit interaction of light are suf-
ficiently small and neglected in terms of geometrical op-
tics. However, when operating at subwavelength scales,
these effects should be taken into account. They are very
sensitive to a change in the physical state of systems and
are promising for application in high-precision metrology.
They can be used to determine the spatial distribution
of electronic spin states in semiconductors [41], to deter-
mine the parameters of films [42, 43], to image graphene
layers [44], and to investigate topological insulators [45].
The effects should be taken into account when designing
nanophotonics devices and can be used for such devices
creation [46].
Here we report the results of an experimental study of
the joint effect of two parts of the angular momentum
on the third, namely, the joint effect of the spin angular
momentum and the extrinsic orbital angular momentum
on the intrinsic orbital angular momentum.
We examined the optical Magnus effect [12] in the op-
tical fiber, coiled into a helix, and have found out the
effect of polarization (spin angular momentum) and the
helix parameters (extrinsic orbital angular momentum)
on the structure of the light field (intrinsic orbital angu-
lar momentum), transmitted through the optical fiber.
To increase the accuracy of the measurements, we used a
method based on the wavefront conjugation [47, 48]. We
have found that the optical Magnus effect decreases in a
negative helix and increases in a positive helix.
The observed effect is one of three possible effects of
the joint impact of two types of the angular momentum
on the third type of the angular momentum. Our classi-
fication of the effects of the spin-orbit interaction of light
shows that it is possible to find out two new effects of
the spin-orbit interaction of light. These are 1) the joint
influence of the spin angular momentum and the intrinsic
orbital angular momentum on the extrinsic orbital angu-
lar momentum and 2) the joint influence of the extrinsic
orbital angular momentum and the intrinsic orbital an-
gular momentum on the spin angular momentum.
Optical Magnus effect [5, 6, 12], which manifests it-
self as the rotation of the speckle pattern of circularly
polarized light transmitted through a multimode optical
fiber under the change of the sign of the circular polar-
ization, is the result of the accumulation of transverse
spatial shifts under the circularly polarized light prop-
agation through an optical fiber. A multimode optical
fiber can be easily coiled into a helix; as a result, the
topological optical activity arises due to the Berry phase.
The different refractive indices for the right and left cir-
cular polarized light should influence the polarized light
propagation through the fiber [18, 20, 25].
Let us consider the polarized light propagation in a
multimode optical fiber with a step index profile. In
such a fiber, the light field inside the fiber is a super-
position of modes J|l| (r) exp (ilϕ), where r, ϕ are the
polar coordinates, J|l| (r) is the Bessel function, l is
a topological charge or an orbital angular momentum,
−lmax ≤ l ≤ lmax, lmax = (2piρ/λ)
√
2ncoδn, ρ is the ra-
dius of the fiber core , λ is a wavelength, δn = nco−ncl is
the difference in the refractive indices of the core nco and
cladding ncl. One can neglect the modes with l = 0,±1
in a multimode optical fiber, and then circularly polar-
ized field Eσ (r, ϕ, z) inside the fiber is kept constant and
has the following form [28, 49]:
E
σ (r, ϕ, z) =
ex + iσey√
2
∑
l 6=0,±1
∑
N
Cl,Ne
ilϕJ|l| (r) × exp
[
iz
(
βl,N + δβ
σ
l,N
)]
. (1)
Here σ = +1 stands for the right circularly polarized
light, σ = −1 stands for the left circularly polarized light,
Cl,N are complex coefficients that determine the contri-
bution of each mode in the light field, βl,N are the prop-
agation constants of light in the fiber and δβσl,N are the
polarization corrections to propagation constants βl,N .
Analytical expressions for βl,N and δβ
σ
l,N can be found
in [12, 49].
If a multimode optical fiber is coiled into a helix with
diameter d and pitch h, then additional corrections to
the propagation constants arise from the Berry phase. It
is obvious, that the additional corrections depend on the
sign of the circular polarization σ, and the sense of the
helix γ. Let γ = +1 stands for the right helix and γ = −1
stands for the left helix. Then it is easy to show that the
corrections to the propagation constants δβσ,γB caused by
the Berry phase have the following form:
δβ
σ,γ
B = σγ
2pih
(pi2d2 + h2)
. (2)
Taking into consideration the added correction δβσ,γB to
the propagation constants, we obtain Eq. (1) as follows:
3E
σ (r, ϕ, z) =
ex + iσey√
2
∑
l 6=0,±1
∑
N
Cl,Ne
ilϕF|l|,N (r) × exp
[
iz
(
βl,N + δβ
σ
l,N + δβ
σ,γ
B
)]
. (3)
Let us analyze the magnitude of the corrections to the
propagation constants for the fiber, which was used for
the first experimental observation of the optical Mag-
nus effect [5]. The fiber had the following parameters.
The refractive index of the core nco= 1.500, the refrac-
tive index of the cladding ncl= 1.494, the fiber core radius
ρ = 100 µm, the wavelength λ = 633 nm. The propaga-
tion constants values belong to the range determined by
the refractive indices of the core and cladding:
ncl
2pi
λ
≤ βlN ≤ nco 2pi
λ
, (4)
or
1.4822× 105cm−1 ≤ βlN ≤ 1.4882× 105cm−1. (5)
In accordance with the calculations carried out in Ref.
[12] the absolute values of δβσl,N are in the range of
0 <<
∣∣∣δβσl,N
∣∣∣ << 0.070 cm−1. According to Eq.(2),
the absolute values of δβσ,γB are in the range of 0.0 <<
|δβσ,γB | << 0.058 cm−1 when the radius of the helix is
equal to 5 cm, and the helix pitch varies from 0 to 10
cm. These helix parameters were used for the first ex-
perimental observation of the speckle-pattern rotation in
the fiber coiled into a helix [26].
To carry out experimental investigation we used a fiber
with the following parameters: fiber core radius ρ = 100
µm, core refractive index nco = 1.458, cladding refractive
index ncl = 1.441, wavelength λ = 532 nm.
In order to determine the angle of the speckle-pattern
rotation with high accuracy, we used the method based
on the optical phase conjugation of the radiation trans-
mitted through an optical fiber [47, 48]. The phase con-
jugation of circular polarized light transmitted through a
multimode optical fiber allows to invert light propagation
and obtain a narrow light beam at the other fiber end. As
a result, the optical Magnus effect leads to the rotation
of only one spot around the fiber axis under the circular
polarization sign changing. This method makes it pos-
sible to work with only one spot instead of the whole
speckle-pattern and to observe relatively small changes
in the behavior of the speckle-pattern.
The experimental setup for the investigation of the op-
tical Magnus effect in a coiled fiber is shown in Fig. 1.
Nd:YAG laser radiation at second harmonic wavelength
λ = 532 nm was used. It was convenient to use two
Nd:YAG lasers. The radiation of the first laser passes
through semi-transparent mirror SM1 and is divided into
two beams. The transmitted part of the beam is sent to
the polarizing system consisting of polarizer P1 and ad-
justable quarter-wave plate QWP [50], which is then used
as probe beam Ipr. Circularly polarized probe beam Ipr
is focused by lens L1 at the input end of the fiber at angle
ϑ = 9.7◦ to the fiber axis.
FIG. 1. Experimental setup. SM, semitransparent mir-
rors; M, mirror; L, lenses; BNN, photorefractive crystal
Ba2NaNb5O15; P, polarizer; CF, optical fiber, coiled into a
helix; QWP, adjustable quarter-wave plate; CCD, CCD ma-
trix. The inset depict the speckle pattern of light transmitted
through a coiled optical fiber.
The fiber was coiled into a uniform helix by winding
onto a cylinder of a fixed diameter. The cylinder diam-
eter was equal to d = 10 cm. In order to form a closed
path in momentum space, the propagation directions of
the input and output ends of the fiber were kept identical.
Solid angle Ω subtended by the tangential vector to the
curved trajectory at the unit sphere in the momentum
space was determined in a way described in Ref. [20].
Angle Ω can be changed by changing the helix parame-
ters.
The output speckle pattern is focused by lens L2 at
the front face of photorefractive crystal Ba2NaNb5O15
(BNN). The reflected part of the radiation of the first
laser, being passed through polarize P2, is used as pump
beam Ipu1. Pump beam Ipu1, linearly polarized in the
horizontal plane, impinges on the front face of photore-
fractive crystal BNN. The angle between probe Ipr and
pump Ipu1 beams is equal to 21
◦. The linearly polar-
ized part of probe beam Ipr and linearly polarized pump
beam Ipu1 record a hologram in photorefractive crystal
BNN.
The recorded hologram is illuminated by the counter
propagating second pump beam Ipu2 of the second laser.
This beam is linearly polarized in the horizontal plane.
As a result of beam Ipu2 diffraction on the recorded holo-
gram, conjugated beam Ipc propagates through the fiber
in the opposite direction.
The linearly polarized radiation is the superposition of
4two circularly polarized beams of equal intensity and dif-
ferent signs of circular polarization. Due to the optical
Magnus effect, the circularly polarized light of the oppo-
site circulation signs propagates along different trajecto-
ries and two beams of equal intensity and the opposite
sign of the circular polarization can be seen at the fiber
exit instead of only one linearly polarized beam. Images
of the beams recorded by CCD camera after reflection
from a semitransparent mirror SM2 are shown in Fig. 2.
Images were obtained for the fiber coiled into a right he-
FIG. 2. Images of the conjugated wave registered by a CCD
camera. The fiber length was 65 cm, the right helix diameter
was 10 cm, the helix pitch (solid angle Ω) was (a) 2 cm (0.4
sr), (b) 4 cm (0.79 sr) and (c) 6 cm (1.18 sr). Angle ϑ of light
incidence at the fiber input was equal to 9.7◦.
lix of one coil. The helix diameter was 10 cm, the helix
pitch was 2, 4 and 6 cm, the angle of incidence at the
fiber end ϑ = 9.7◦, the fiber length being 65 cm.
Figure 2 shows that the distance between two beams
increases along with the increase of the helix pitch, or
solid angle Ω, subtended by one helix coil. To deter-
mine the angle of the speckle pattern rotation, we mea-
sured distance between the observed beams centroid and
the distance between the fiber end and the CCD camera
[47, 48]. In Figure 2, the distances between beams cor-
respond to the angles of rotation ϕ = 3.61◦, ϕ = 3.94◦
and ϕ = 4.30◦, for the helix pitches h (Ω) of 2 cm (0.4
sr), 4 cm (0.79 sr) and 6 cm (1.18 sr), respectively. As
it can be seen in Figure 2, the used method provides a
highly accurate determination of angle ϕ. The change of
rotation angle ϕ by angle ∆ϕ = 0.69◦ (Fig. 2a and 2c)
results in the two-fold increase of the distance between
the beam images.
To determine the polarization state of each of the
beams, the polarization system was installed in front of
the CCD camera. The polarization system consisted of
the adjustable quarter-wave plate and the polarizer was
used as a circular analyzer which selects either the left or
right circularly polarized radiation. The beams turned
out to have orthogonal circular polarization. In Figure
2, the upper beams have the right circular polarization,
whereas the lower beams have the left circular polariza-
tion.
The similar experiments were carried out for the fiber,
coiled into the left helix. Figure 3 shows the dependence
of rotation angle ϕ of the speckle pattern on solid angle
Ω. Positive values of solid angle Ω correspond to the right
FIG. 3. The dependence of rotation angle ϕ of the speckle
pattern of light transmitted through the optical fiber, coiled
into a helix, under the sign of the circular polarization change
on solid angle Ω subtended by one helix coil in the momentum
space. The diameter of one coil of the uniform right and left
helix d = 10 cm, fiber length being 65 cm.
helix and negative values of solid angle Ω correspond to
the left helix. Rotation angle ϕ at point Ω = 0 coincides
with rotation angle ϕ in the rectilinear fiber. Figure 3
shows that angle ϕ increases along with the increase of
solid angle module |Ω| for the right helix, whereas angle
ϕ decreases along with the increase of solid angle module
|Ω| for the left helix. Figure 3 shows that the optical Mag-
nus effect depends on the propagation path and the helix
sign, it linearly depends on the helix pitch, decreases in
a negative helix and increases in a positive helix.
Our experimental study of the optical Magnus effect in
the optical fiber, coiled into a helix, clearly demonstrates
the joint effect of polarization (spin angular momentum)
and the helix parameters (extrinsic orbital angular mo-
mentum) on the structure of the light field (intrinsic or-
bital angular momentum), transmitted through the op-
tical fiber.
In conclusion, we classified all effects of the spin-orbit
interaction of light and pointed out that three new effects
can be found. These effects are the joint influence of two
types of angular momentum on the third type of the an-
gular momentum, namely, the joint influence of the spin
angular momentum and extrinsic orbital angular momen-
tum on the intrinsic orbital angular momentum; the joint
influence of the spin angular momentum and the intrinsic
orbital angular momentum on the extrinsic orbital angu-
lar momentum; the joint influence of the extrinsic orbital
angular momentum and the intrinsic orbital angular mo-
mentum on the spin angular momentum.
We experimentally observed one of these effects, de-
termined by the joint influence of the spin angular mo-
mentum and extrinsic orbital angular momentum on the
intrinsic orbital angular momentum. We have studied
the optical Magnus effect in a fiber, coiled into a helix.
5We have found that the optical Magnus effect in a coiled
fiber depends on the propagation path and the helix sign.
It linearly depends on the helix pitch, decreases in a neg-
ative helix and increases in a positive helix.
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